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Open access under CC BYDeer antler is a bony tissue which re-grows every year after shedding. Growth speed and material prop-
erties of this tissue are truly remarkable, making it an interesting model for bone regeneration. Surpris-
ingly, not much is known about the ultrastructure of the calciﬁed tissues and the temporal sequence of
their development during antler growth. We use a combination of imaging tools based on light and elec-
tron microscopy to characterize antler tissue at various stages of development. We observe that miner-
alized cartilage is ﬁrst transformed into a bone framework with low degree of collagen ﬁbril ordering at
the micron level. This framework has a honeycomb-like appearance with the cylindrical pores oriented
along the main antler axis. Later, this tissue is ﬁlled with primary osteons, whose collagen ﬁbrils are
mainly oriented along the pores, thus improving the antler’s mechanical properties. This strongly sug-
gests that to achieve very fast organ growth it is advantageous to have a longitudinal porous framework
as an intermediate step in bone formation. The example of antler shows that geometric features of this
framework are crucial, and a tubular geometry with a diameter in the order of hundred micrometers
seems to be a good solution for fast framework-mediated bone formation.
 2011 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Antlers are bony appendages developed from outgrowths of the
frontal bone of the skull, referred to as pedicles, in most species of
the deer family (Cervidae) (Chapman, 1975). They are formed anew
each year and should be distinguished from horns, which are kept
throughout life, and have a bony core but a sheath of continuously
growing keratin on the outside. In all deer species that have ant-
lers, except the genus Rangifer, the antlers are found only in males.
In addition, there is a large variety in antler size and complexity,
which is positively allometrically related with body size, between
the individual deer species. They range from small (mean = 7.5 cm)
spikes in the pudu (Pudu pudu) up to large (mean = 147.4 cm) mul-
ti-branched ones in the wapiti (Cervus canadensis) or huge pal-
mated forms (mean = 108.0 cm) in the moose (Alces alces)
(Clutton-Brock et al., 1980; Gould, 1973; Lincoln, 1992). However,
all of them are composed of two types of bone tissue: a compact
bone cortex and a cancellous bone medulla. The ratio of these bonef Biomaterials, Max Planck
rg, D-14476 Potsdam-Golm,
e (S. Krauss), Jose.Esteve-
), Peter.fratzl@mpikg.mpg.de
-NC-ND license.types depends on the deer species (Chapman, 1975) and the antler
size. Antlers are used as organs for display and as weapons in
male–male combats during the rutting season. Their mechanical
properties of reasonable stiffness and remarkable toughness
(Launey et al., 2010) suit them very well for this function. Red deer
antler has a Young’s modulus in dry state, the state when used in
the ﬁghts (Currey et al., 2009), of only about 22% less than physio-
logically wet bovine bone but has an impact energy absorption
about six times as great (Currey et al., 2009). A possible reason
could be its deformation behavior at the nanoscale which is differ-
ent from ‘ordinary’ cortical bone (Krauss et al., 2009).
What makes antlers unique in the entire animal kingdom is the
annual in toto re-growth within an extremely short time period.
The rate at which antler bone is laid down can be as much as
6–7 mm/day, as estimated from data on wild red deer, which
grows in 137–153 days (Tzalkin, 1945) to a mean length of
936 mm (Clutton-Brock et al., 1980). Another important feature
is that most deer antler barely grows in radial direction once it
starts to grow in length. This and the remarkable growth rate are
due to a mode of development, whereby the length and shape of
the antler are built by endochondral ossiﬁcation and only a thin
sleeve of bone is laid down at the very periphery via intramembra-
nous processes (Banks, 1974; Kierdorf et al., 1995, 2003):
In red deer, the annual antler cycle starts in late winter when
the old antler is cast. Right after antler casting, wound healing
Fig.1. Schematic drawing of the growing antler beams. Dash-point-lines indicate
where the disc portions were cut out of the main beam and dates beneath the antler
beams indicate when they were cut. Two side tines and the main beam are labeled
in order to allow better understanding of the terminology used in the present paper.
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formed hairless skin over the pedicle (Li et al., 2004, 2005) which
is restored by direct (intramembranous) bone formation (Kierdorf
et al., 2003; Li et al., 2005; Wislocki, 1942). The skin, covering
the separation surface of the pedicle, will develop into the future
velvet, a smooth-haired skin, richly supplied with blood vessels,
which covers the antler during the entire growth period (Li et al.,
2004). Beneath the dermis of the velvet skin there is a cap-like area
on the tip of the main beam and each side tine (see Fig. 1), fre-
quently referred to as growth-zone. Thus, antlers grow such thatFig.2. Light microscope images of Giemsa stained cross-sections showing three consec
network (stained deep purple), note the circularly-shaped porosity (unstained, appearing
seams on the surface stained in light blue. Note the abundant cells (stained blue) present
antler tissue, characterized by nearly circularly-shaped osteons, stained light pink, exhi
Note the intense pink lines surrounding each osteon (marked by black arrows).the tissue at the tip is youngest while it is oldest at the antler-ped-
icle junction (see Fig. 1). The growth zone contains numerous
undifferentiated mesenchymal stem cells, rapidly proliferating
and differentiating into chondroblasts (Banks, 1974; Kierdorf
et al., 2003; Li et al., 2005; Wislocki, 1942). These have been re-
ported to build up longitudinally oriented cartilaginous columns,
separated by a vascular tissue (Banks, 1974; Kierdorf et al., 2003;
Li et al., 2005; Wislocki et al., 1947). In the periphery of the cortex,
a thin bony sleeve forms intramembranously without preceding
cartilage. Histological investigations (Kierdorf et al., 1995, 2007,
2003; Li et al., 2004, 2005; Price et al., 2005) have shown that in
the main part of the antler beam cartilage is ﬁrst mineralized
and later converted into porous bone. This is ﬁnally ﬁlled with pri-
mary osteons, as observed in antler from fallow deer (Dama dama)
(Kierdorf et al., 1994), spotted deer (Axis axis) (Rajaram and
Ramanathan, 1982) as well as elk (Cervus elaphus canadensis) (Chen
et al., 2009). When the growth is complete, the velvet skin is shed
leaving the hard antler bone. This shedding occurs in late summer
in red deer. The antler is then used in male–male combats in the
rutting season, which is usually in the autumn.
Given this histological evidence, antler appears as an excep-
tional model for studying rapid bone growth and regeneration.
However, little is known about the structural properties of the
materials involved in the early and intermediate stages of antler
development. In the present paper we describe three developmen-
tal stages during antler regeneration. In particular, we study colla-
gen ﬁbril orientation and mineral particle size and alignment in
mineralized cartilage, early and more mature compact antler bone,
using light and electron microscopy as well as small-angle X-ray
scattering (SAXS) with synchrotron radiation. We show that a
tubular framework with low degree of collagen order is generatedutive stages in the development of antler cortical tissue. (a) Mineralized cartilage
white). (b) The bone framework with mineralized bone stained in pink and osteoid
in the cavities and the irregular, less circular shape of the bone. (c) Mature compact
biting a central blood channel, which are embedded in a pink-stained bone matrix.
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aligned bone tissue. This concept could serve as a guide for the
development of artiﬁcial tubular scaffolds for bone tissue engineer-
ing, whereby an architecture similar to the natural framework in
antler could favor rapid bone growth.2. Materials and methods
All antler samples were taken from Iberian red deer (C. elaphus
hispanicus) which is a subspecies of the red deer (C. elaphus). Sam-
ples from mature antler bone were cut off from 1.5 years old ani-
mals near the antler-pedicle junction in September at the
beginning of the rutting season. Since these antlers are the ﬁrst
formed set in the animal’s life they are frequently referred to as
spikes due to their simple geometry of two unbranched spikes.
The antler main beam pieces were allowed to dry several months
at room temperature in the dark. The samples from growing antler
were obtained from a 4-year-old animal growing its third set of
antlers. Two disk-shaped portions with 1 cm thickness were cut
within a one month interval from growing opposite main beams
(see Fig. 1). Great care was taken that both were cut at the same
distance from the pedicle. The samples of growing antler were
washed in 2% H2O2 in order to remove the considerable amount
of blood. All samples where embedded in PMMA after dehydration
in a series of ethanol solutions.
In order to better understand the three-dimensional structure
of the antler bone, two fractions of samples with orientations
parallel (longitudinal) and lateral (transverse) to main beam were
machined and investigated. The sections were cut by using a
water-cooled inner-hole saw (Leica SP1600, Bensheim, Germany)
and subsequently polished to a 0.5 lm surface roughness. For the
observation in the Environmental Scanning Electron Microscope
(ESEM) the samples (longitudinal and transverse) where mounted
on aluminum stubs and examined in low vacuum mode with a
back-scattered-electron detector using a FEI-Quanta 600FEG elec-
tron microscope (FEI-Company, Oregon, USA). A statistical image
analysis was carried out for the images of the longitudinal sections
displayed in Fig. 3d and f. Ten horizontal lines were distributed
equidistantly covering 4 mm  4 mm of the image and the number
of osteons or lumens intercepting these lines was counted per line.
The observation of 30 lm thick longitudinal and transverse sec-
tions in polarized light was carried out under a light microscope
(DM RXA2 Leica, Bensheim, Germany) in which the polarizer and
analyzer were ﬁxed perpendicularly to each other (cross-polarized
light). Thereby ﬁbril orientations within a bone section can be
qualitatively determined by distinguishing white and dark areas.
In dark areas the ﬁbrils are lying in the line of sight or are totally
randomly oriented while those in white areas are oriented normal
to the line of sight. Giemsa’s staining was performed on transverse
oriented, polished sections of 150 lm thickness.
The SAXS measurements were performed on both fractions of
sample orientations (longitudinal and transversal) using synchro-
tron radiation at the lspot beamline, BESSY II at the Helmholtz
Zentrum Berlin (Berlin, Germany) with a wavelength of
0.82656 Å and a beam diameter of about 10 lm. Thereby 25 and
18 SAXS-pattern were taken for the sagittal and transverse section
of mineralized cartilage, respectively. Similarly, 22 and 25 SAXS-
pattern were taken for the sagittal and transverse section of the
bone framework. For the sagittal and transverse section of mature
cortical antler bone 8 SAXS-pattern were taken in the mature bone
framework and 23 SAXS-pattern within the osteons, respectively.
To calibrate the sample-to-detector distance and the beam cen-
ter, the SAXS diffraction pattern of Hydroxyapatite (HAP) powder
was measured. The sample-to-detector distance (315 mm) as well
as the beam center in the horizontal (initial value 1517.6 pixel) andvertical directions (initial value 1549.2 pixel) were determined and
checked periodically during the course of the experiment. The peri-
odic testing was done to correct for changes in beam center over
the course (2–3 days) of the experiment due to possible tempera-
ture ﬂuctuations in the experimental hutch. We found only very
small shifts of the beam, which led to a change in the beam center
by about only 2 pixels in horizontal direction and about 1 pixel in
the vertical direction.
The SAXS patterns contain information about the mean mineral
particle thickness and the predominant particle orientation within
the illuminated sample volume. The mean mineral particle thick-
ness is deﬁned as T-parameter (denoted in nm) while the predom-
inant particle orientation is described by the Rho-parameter. A
value of Rho = 1 indicates a 100% particle alignment in one certain
direction whereas a value of Rho = 0 deﬁnes a totally random ori-
entation of the mineral particles in the illuminated sample volume.
In order to extract this information, the two-dimensional SAXS pat-
terns were initially converted into one-dimensional chi-plots by
integrating them radially or azimuthally. Subsequently a standard-
ization for the transmission and background correction of the mea-
sured intensity was performed and the T- and Rho-parameter
calculated as previously described (Fratzl et al., 1991; Roschger
et al., 2001).3. Results
Fig. 2 shows histological cross-sections of the three develop-
mental stages we investigated during growth of antler cortical
bone. The earliest stage (Fig. 2a), is composed of hypertrophic car-
tilage, which is stained deep purple due to the high amount of pro-
teoglycans in this tissue. This cartilage possesses a distinct regular
grid-like architecture with nearly circular-shaped cavities in be-
tween. The second developmental stage (Fig. 2b), is composed of
spongy bone stained in pink. Lining the cavities, there are visible
seams of pale blue stained osteoid. Numerous cells, stained in blue,
are present on the osteoid surface and within the cavities, showing
the high rate of bone growth. The architecture of this apparently
trabecular bone looks like a rather irregularly shaped grid with a
large variety in diameter sizes. Fig. 2c displays mature antler corti-
cal bone. It is composed of osteons stained in light pink, which
seem to be situated within a bone matrix stained in pink. Each os-
teon is sealed by a thin line stained in deep pink (arrows in Fig. 2c).
The term osteon is used here with the meaning of primary osteon,
because we found only very few secondary osteons in the samples
we investigated.
Fig. 3 shows ESEM images, taken in backscattering mode, of the
cross- and longitudinal-sections from the same three developmen-
tal stages of antler cortical tissue. In Fig. 3a, showing the regular
cartilaginous grid in cross-section, mineral precipitations (white)
around each hypertrophic chondrocyte cell are visible. The cavities
between the mineralized cartilage stacks are devoid of mineral. As
can be seen in Fig. 3b, the mineralized cartilage has in fact a highly
longitudinally oriented tubular architecture with nonmineralized
cavities. The zone of mineralized cartilage is very long, several mil-
limeters, compared to 100 lm in the growth plate of mammal long
bones. The walls of these cartilage tubes have thicknesses of about
100–150 lm and their lumens have diameters of about 250 lm.
The mineralized cartilage is later replaced by a tubular bone frame-
work (light gray), shown in Fig. 3c and d. As can be seen in Fig. 3c,
the structure of this bone framework is highly interconnected in
cross-section showing a large variety in lumen (black areas in
Fig. 3c) shapes and sizes which range from almost circular to irreg-
ular and less than 100 lm up to several 100 lm. In ordinary
spongy bone this joined-up appearance of bone trabeculae as seen
in Fig. 3c would not be visible, because the more isotropic
Fig.3. Combination of ESEM images collected in backscattering mode showing the cross- (left hand side) and longitudinal-section (right hand side) of three consecutive
stages of the development of antler cortical tissue. (a–b) Mineralized cartilage framework (white) which consists of tubes oriented in the longitudinal direction with large
central cavities. (c–d) Bone framework (light gray) which has a highly porous (black), tubular structure with the tubes oriented in longitudinal direction. (e–f) Mature,
compact antler tissue. The inset in (e) shows a representative osteon in higher magniﬁcation. The less mineralized osteons (dark gray) appear to be isolated from each other
lying in a more highly mineralized matrix (light gray). Numerous blood vessels (black) are visible.
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gitudinal direction (see Fig. 3d) this bone framework is highly
anisotropic and by combining the Fig. 3c and d in one’s mind’s
eye, it can be inferred, that it has a tubular architecture as had
the previous stage of cartilage before. Fig. 3e and f shows the ma-
ture antler cortical tissue. It is characterized by less mineralized
(dark gray) osteons, having one or more blood channels (black)
in the center, which appear to be situated in a more highly miner-
alized (light gray) bone matrix. Each osteon is sealed by a line of
more highly mineralized tissue and when observed in a dry state
contains numerous stellate arranged cracks around the central
blood vessel (see inset in Fig. 3e). Interestingly, these cracks seem
to originate from the central blood vessel and stop at the more
highly mineralized line sealing the osteon. Statistical image analy-sis revealed that in both developmental stages the same number of
osteons or lumens per 4 mm bone is present (13.5 ± 0.4 lumens in
antler bone framework; 13.8 ± 0.6 osteons in mature antler bone;
mean ± standard error).
Fig. 4 shows light microscope images taken in cross-polarized
light from the cortical area of the tubular bone framework and ma-
ture antler cortical bone both in longitudinal- and cross-section. A
cross-section of the bone framework is in given in Fig. 4a. The black
areas are the cavities of the bone tubes. The tubular framework is
composed of a lamellar bone showing the typical black–white pat-
tern in polarized light. This lamellar bone, however, has a low col-
lagen organization over long distances of several hundred microns,
which is why we term this bone in the following micro-lamellar
bone. In the longitudinal section of this developmental stage
Fig.4. Light microscope images taken in cross-polarized light of two consecutive stages in the development of antler cortical tissue. (a) Cross-section of the bone framework.
Note that it is composed of lamellar bone with differing ﬁbril orientation, resulting in the typical black–white-pattern. Note also that the black areas are the tube cavities. (b)
Longitudinal section of the bone framework (white asterisks) showing that on top of the trabeculae osteon formation has started, visible as bony sleeves with predominantly
longitudinal ﬁbril orientation (white arrowheads). (c) Cross-section of mature antler cortical bone. It is composed of mainly primary and only few secondary osteons (black
arrowheads) which have a ﬁbril orientation predominantly in the line of sight resulting in a dark gray appearance of the osteons. All osteons are situated in a matrix in which
the ﬁbril orientation is predominantly transverse (bright white). (d) Longitudinal section of mature cortical antler bone. Note the strict longitudinal ﬁbril orientation within
the individual osteons (bright white appearance, blood channels are marked with black arrowheads), whereas the matrix shows different orientations resulting in a dark gray
appearance (white asterisks). Note: the white arrows in (b) and (d) are oriented in the longitudinal direction. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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bone framework, marked by white asterisks in Fig. 4b, is character-
ized by areas with differing ﬁbril orientations, resulting in regions
that appear both dark gray or white. Interestingly, on several sites
bright white seams which are marked by white arrowheads
(Fig. 4b) on the surface of the bone framework can be seen. Mature
cortical antler bone in cross-section is shown in Fig. 4c. It is com-
posed of osteons showing a very minor change in ﬁbril orientation
between individual lamellae, resulting in a homogenous dark gray
shade. In contrast to the osteons, the portion of the former bone
framework exhibits a preferred transverse ﬁbril orientation, result-
ing in a bright white appearance. The longitudinal section of
mature antler cortex, shown in Fig. 4d, is composed of longitudi-
nally oriented primary osteons appearing bright white and rem-
nants of the bone framework with varying ﬁbril orientations
appearing dark (white asterisks). It is important to be clear that
the dark regions inside the framework, as shown in Fig. 4a are cav-
ities, while the dark regions in mature antler bone, as shown in
Fig. 4c, are regions in which the ﬁbrils are oriented along the line
of sight, and therefore appear dark gray. The distinction is seen
in Fig. 4b and d.
Fig. 5 shows the mineral particle thickness, displayed as
T-parameter, in longitudinal and transverse oriented samples as
well as the degree of particle alignment (Rho-parameter) in antler
cortical bone during growth. Arrow labels on top of the diagram
correspond to the respective parts of Fig. 3. The mineral particles
in mineralized cartilage are smaller than 3 nm and they apparently
exhibit a higher thickness in samples with longitudinal orientation
(2.96 nm ± 0.03, mean and standard error) compared totransversely oriented samples (2.74 nm ± 0.03, mean and standard
error).
A considerable increase of about 0.5 nm in particle thickness is
associated with the replacement of mineralized cartilage by the
tubular bone framework, where the mineral particles are about
3.5 nm thick in both sample orientations, longitudinal and trans-
verse, respectively. There is no further increase in the mineral par-
ticles thickness with maturation of the antler bone framework.
However, the mineral particles in the newly formed primary ost-
eons have varying thicknesses in samples with different orienta-
tions. They are about 3.3 nm thick in longitudinally oriented
samples, whereas they have a thickness of about 3.6 nm in trans-
versely oriented samples.
Regarding the degree of alignment (Rho-parameter) the parti-
cles in mineralized cartilage exhibit almost no alignment, which
may be due to the spherical precipitation around each hypertro-
phic chondrocyte cell. After the replacement of mineralized carti-
lage by the tubular framework composed of lamellar bone, 55%
mineral particles in the longitudinal section are aligned whereas
within the transverse section only 35% are parallel to each other.
In the mature antler bone framework 55% of the mineral particles
are aligned within the longitudinal section. In the transverse sec-
tion there is almost no alignment in mature antler bone framework
and within the primary osteons. This means that the elongated
plate-like mineral particles within the osteons are generally
aligned parallel to the collagen ﬁbrils but that there is no preferen-
tial orientation within the cross-sectional plane of these ﬁbrils (at
least over an area of 10  10 microns covered by the X-ray beam).
However, the highest degree of particle alignment is found in the
Fig.5. T- and Rho-parameter (mean ± standard error) of the three consecutive
stages in the development of antler cortical bone: mineralized cartilage, bone
framework and mature antler bone divided into mature antler bone framework
(which is assumed to be the former bone framework) and mature antler within the
osteon, in longitudinal (black circles) and transverse (white diamonds) direction of
the antler main beam. The captions of the arrows on top correspond to the
respective parts of Fig. 3. Note the signiﬁcant increase in particle thickness and
degree of mineral particle alignment from mineralized cartilage to the bone
framework. Further maturation seems not to lead to a further increase in particle
thickness but to an increase in the degree of particle alignment in longitudinal
direction, with the highest degree of alignment within the primary osteons. These
values were determined using the l-spot Beamline at BESSY (Berlin, Germany).
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aligned with each other.
4. Discussion
A hallmark of antler development is that cartilage is remodeled
into osteonal compact bone through an intermediate bone frame-
work of lower internal order. High-resolution structural investiga-
tions, including electron microscopy and X-ray diffraction,
revealed remarkable structural features: We show that the preli-
minary mineralized cartilage structure possesses a longitudinally
oriented tubular architecture, which is nearly templating a highly
porous tubular framework made of micro-lamellar bone. The ma-
ture antler cortex, ﬁnally, comprises mainly primary osteons which
appear to be isolated from each other, sitting in a more highly min-
eralized bone matrix. The osteons contain ﬁbrils which are longitu-
dinally aligned, whereas the ﬁbril orientation in the bone matrix is
mainly transverse to the long axis of the antler. During antler
growth, the mineral particles evolve from randomly oriented, less
than 3 nm thick particles in the mineralized cartilage frameworkto 3.5 nm thick particles with a preferred longitudinal orientation.
The highest degree of particle alignment is seen in mature antler
cortex within the primary osteons, where 75% of the particles are
longitudinal and co-aligned with the ﬁbrils in the tissue.
Our ﬁndings of a mineralized cartilage ranging over several mil-
limeters in length are consistent with the well-known fact that the
length and shape of the antler is formed by endochondral ossiﬁca-
tion and that thickening by intramembranous bone formation
plays a minor role. However, this process differs considerably from
the usual endochondral ossiﬁcation occurring in long bone forma-
tion and growth (Rivas and Shapiro, 2002). Whereas the cartilage
formed during embryonic long bone formation is compact, the car-
tilage found during antler formation possesses this remarkable
tubular architecture. In addition, histological investigations re-
vealed that the cartilage in antler is highly vascularized (Clark
et al., 2006; Kierdorf et al., 1995; Li et al., 2005) in contrast to what
is seen in the cartilaginous model of the long bone. Thus, we have
to assume that the cartilaginous tubes in antler most likely contain
blood vessels. The fact that this is not visible in our histological sec-
tions might be due to the washing with 2% H2O2 prior to embed-
ding and staining. The vascularization of the antler cartilage is
clearly needed to supply the long stacks of cartilage cells with
nutrients. Additionally, this vascularization may contribute to the
extremely fast growth of antler bone. In bone development, inva-
sion of hypertrophic cartilage by vascular tissue is required to ini-
tiate the replacement of cartilage by bone (Rivas and Shapiro,
2002). Since cartilage in antler is already vascularized, this stage
may be skipped completely, thus facilitating fast antler growth.
A further stage in antler development comprises a framework of
micro-lamellar bony tubes. Polarized light microscopy revealed
white seams on the surface of this bone framework which are pre-
sumably early sites of primary osteon formation, since the ﬁbril ori-
entation and alignment is strikingly similar to that of the primary
osteons. This tubular bone frameworkmay, however, not be the ﬁrst
bone formed during antler development. Indeed, it was reported
earlier that in white-tailed deer (Odocoileus virginianus) (Banks,
1974), fallow deer (D. dama) (Kierdorf et al., 1995) and roe deer
(Capreolus capreolus) (Kierdorf et al., 2003) the ﬁrst bone formed
comprises a woven ﬁbril organization, termed primary spongiosa,
and is later remodeled into a lamellar bone, which is then termed
secondary spongiosa. Therefore themicro-lamellar bone framework
described here can be classiﬁed as secondary spongiosa.
The microstructure of mature antler cortical tissue is character-
ized by a periodic arrangement of isolated primary osteons within
a bony matrix. Only few secondary osteons were found in the ma-
ture antler cortex in samples extracted from the main beam
approximately 2 cm away from the antler-pedicle junction. Since
maturation of an antler proceeds from distal to proximal so that
the youngest tissue is found on the tip, it is most likely that remod-
eling occurs at the base when the antler is still growing. In the gen-
eral case, however, the cortex consists of primary osteons
embedded in a matrix with higher degree of mineralization. This
ﬁnding together with our histological observations suggests that
only the osteons are newly formed during maturation but that
the matrix is in fact a remnant of the tubular bone framework.
Thus, the bone framework served as scaffold for directed bone in-
growth. This is supported by several ﬁndings: ﬁrst, the develop-
ment of primary osteons seems to occur by a deposition of
highly aligned ﬁbrils on the surface of the bone framework
(Fig. 4b). Second, the number of lumina in the bone framework
equals exactly the number of osteons in the mature bone (on aver-
age 13–14 osteons/lumens distributed over 4 mm length), suggest-
ing that the osteons simply ﬁll the pre-existing lumina. Third, the
degree of mineral particle alignment does not change from the
stage of the empty bone framework (see Fig. 5 antler bone frame-
work) to the stage of mature antler, where the bone framework is
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newly formed. Finally, a thin line separating the framework and
the primary osteons is visible in histological sections as well as
in back-scattered electron imaging, suggesting a similarity to ce-
ment lines typically found around secondary osteons (Currey,
2002). We interpret these as resting lines laid down initially before
the osteon is built (McKee and Nanci, 1996).
Another interesting feature of the osteons found in the mature
air-dried samples is the star-like arrangement of numerous radial
cracks around the blood vessels stopping at the ‘‘resting lines’’. This
way of cracking suggests that there are no tilted ﬁbrils arranged in
circumferential lamellae as typical for human secondary osteons
(Wagermaier et al., 2006). This is also conﬁrmed by our observa-
tion of longitudinally aligned ﬁbrils within the osteons.
The mineral particle thickness in growing antler evolves with
tissue maturation from smaller than 3 nm in mineralized cartilage
to about 3.6 nm in the mature bone. There are small differences in
mean particle thickness between the longitudinal and the trans-
verse direction in mineralized cartilage and within primary ost-
eons presumably because the transverse and longitudinal
sections did not correspond to identical locations. The fact that
mineral particle thickness increases with tissue maturation is sim-
ilar to what was found during fracture healing in sheep, where a
similar thickening of mineral particles was found to be correlated
with the remodeling and gradual ﬁlling of a woven bony frame-
work by lamellar bone (Liu et al., 2010; Sfeir et al., 2005).
Based on our ﬁndings, we propose a model for a directed,
framework-mediated bone growth mechanism in red deer antler
cortex shown schematically in Fig. 6. In the beginning, a tubular
framework is developed, initially composed of mineralized
cartilage, later converted to a tubular framework composed of mi-
cro-lamellar bone. The tube lumina are subsequently ﬁlled by rod-
shaped primary osteons which consist of bone with collagen ﬁbrils
essentially parallel to the antler main beam.Fig.6. Schematic illustration of the tubular framework model built during antler
bone growth including the mineralized tubular cartilage framework (blue), the
micro-lamellar bone framework (ocher) and two growing primary osteons (yellow).
During the growth of antler cortical bone ﬁrst a tubular cartilage is formed. This is
later replaced by a tubular bone framework, consisting of micro-lamellar bone.
Finally, this bone framework is ﬁlled with primary osteons which consist of highly
longitudinally aligned ﬁbrils. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)5. Conclusions
Antler cortical tissue develops by directed bone growth within a
tubular bone framework generated from a cartilage precursor. The
resulting bony tissue is impressive both by the speed at which it
grows and by the extreme toughness of the material (Currey,
2002; Krauss et al., 2009; Launey et al., 2010). In particular, the
guiding by the longitudinal tubules in the bony framework leads
to a collagen orientation in the osteons consistent over many tens
of centimeters, thus improving bending strength of the antler. As a
result, this architecture seems to be essential not only for the fast
unidirectional bone growth needed for the annual antler re-
growth, but also for improving the mechanical properties of the
whole antler regarding bending strength and impact resistance.Acknowledgments
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